Personalized medicine and advanced diagnostic tools based on RNA analysis are focusing on fast and direct One-Step RT-PCR assays. First strand complementary DNA (cDNA) synthesized by the reverse transcriptase (RT) is exponentially amplified in the end-point or real-time PCR. Even a minor discrepancy in PCR conditions would result in big deviations during the data analysis. Thus, One-Step RT-PCR composition is typically based on the PCR buffer. In this study, we have used compartmentalized ribosome display technique for in vitro evolution of the Moloney Murine Leukemia Virus reverse transcriptase (M-MuLV RT) that would be able to perform efficient fulllength cDNA synthesis in PCR buffer optimized for Thermus aquaticus DNA polymerase. The most frequent mutations found in a selected library were analyzed. Aside from the mutations, which switch off RNase H activity of RT and are beneficial for the full-length cDNA synthesis, we have identified several mutations in the active center of the enzyme (Q221R and V223A/M), which result in 4-5-fold decrease of K m for dNTPs (<0.2 mM). The selected mutations are in surprising agreement with the natural evolution process because they transformed the active center from the oncoretroviral M-MuLV RT-type to the lenitiviral enzyme-type. We believe that this was the major and essential phenotypic adjustment required to perform fast and efficient cDNA synthesis in PCR buffer at 0.2-mM concentration of each dNTP.
Introduction
Reverse transcriptase (RT) is the retroviral RNA-dependent DNA polymerase, having a crucial role in the multiplication of viruses. The RT transforms viral ssRNA into dsDNA using an RNAdependent DNA polymerase, a DNA-dependent DNA polymerase and an RNase H activities. Since its discovery in 1970, the reverse transcription reaction gained a huge significance in the current molecular biology. The combination of reverse transcription and quantitative or end-point PCR enables the detection of low copies of RNA in the biological sample. The complementary DNA (cDNA) generated by RTs is used for cloning, gene expression analysis and next generation sequencing (Green and Sambrook, 2014) .
Many techniques of the modern-day biology, including the aforementioned methods, require that the enzymes function under conditions, far or distinct from the natural ones. The knowledge of structure-function relationship of proteins and particular enzymes enables a targeted protein engineering also called as 'rational design', which is used to alter a specific enzyme behavior and force them to perform in a desired manner.
However, this approach is information-demanding, since typically a high-resolution 3D structure of the enzyme is necessary to make a reasonable guess, which amino acids need to be changed. In addition, a deep understanding of kinetic parameters and mechanistic data is required for a successful alteration of the enzyme properties.
In contrast to the rational design, a directed evolution is an approach, which is used to change the properties of the enzymes even without a preliminary knowledge of the protein structure and the catalysis mechanism. The ability of biomolecules to evolve by mimicking the Darwinian evolution was introduced by Spiegelman and colleagues (Mills et al., 1967) . In five decades since the first experiment, researchers demonstrated many successful examples of protein in vitro evolution.
Several methodologies of directed evolution have been demonstrated using the DNA polymerases. An in vivo assay, referred to as the genetic complementation assay, was developed to select the active variants of Thermus aquaticus DNA (Taq DNA) polymerase, HIV RT and T7 DNA polymerase (Suzuki et al., 1996; Kim, 1997; Söte et al., 2011) . However, the complementation assay is quite limited, especially when selecting the polymerases that incorporate unusual substrates. For that Holliger and colleagues introduced a new technique, the compartmentalized self-replication assay (CSR), and have used this approach to alter the properties of a DNA polymerase (Ghadessy et al., 2001) . In this method, a library of polymerase-encoding genes is cloned and expressed in Escherichia coli and the cells are encapsulated in a water-in-oil emulsion. Compartmentalization ensures an essential relationship between the mutated polymerase ('phenotype') and the gene encoding that mutant ('genotype'). An evolutionary pressure, e.g. increasing temperature or inhibitor concentration, is generated and selection of the most fitting protein is performed in vitro.
Various display systems, e.g. a phage display and a cell display, in which the mutant protein library is expressed on the surface of the cell or on the coat of a filamentous phage, could also be used for in vitro evolution of polymerases. Romesberg and colleagues employed the page display technique to broaden the substrate spectra of the DNA polymerase and converted the DNA polymerase into RNA polymerase (Xia et al., 2002) .
The main disadvantage of CSR and phage or cell display is the transformation step, which significantly restricts the library size. This particular issue could be solved using molecular display techniques, which are believed to be the most powerful tools suitable for changing properties of the proteins. A ribosome display, mRNA display and CIS display are carried out completely in vitro and could be used to explore much larger libraries in comparison to other methods where the mutant protein synthesis occurs in vivo (Ullman et al., 2011) . The molecular display methods have been successfully employed to increase the affinity of binding proteins and peptides, especially antibodies. However, the adaptation of these techniques for the in vitro evolution of enzymes and particularly DNA polymerases is limited.
Recently, we have developed an in vitro evolution assay, based on a ribosome display, which enables the alteration of the catalytic properties of enzymes. This has been achieved by the in vitro compartmentalization of the enzyme-mRNA-ribosome ternary complex (TC) in the water-in-oil emulsion, which ensures a free intermolecular interaction between the enzyme and substrate after dissociation of TC and preserves the connection between the phenotype and the genotype. In contrast to the other molecular display techniques, the compartmentalized ribosome display (CRD) is suitable for in vitro evolution of multiple enzymatic properties in a desirable environment (Skirgaila et al., 2013) .
The CRD process begins with a translation of the mRNA library and a formation of TC. The TC is stabilized by low temperature and high concentration of Mg 2+ ions (Hanes and Plückthun, 1997) , followed by the purification using ultracentrifugation. The purified TC is dissolved, added to a particular reaction mixture and emulsified to obtain the water-in-oil compartments. Compartmentalized TC dissociates after the temperature of emulsion is raised, and released active thermostable enzyme molecules reverse transcribe and synthesize the full-length cDNA that encodes them. Subsequently, the cDNA is amplified using a PCR to generate a mutant library for the next selection round (Skirgaila et al., 2013) . Five rounds of CRD selection performed at higher temperatures have been used to select the Moloney Murine Leukemia Virus reverse transcriptase (M-MuLV RT) variants with the increased thermostability. As a result, we have identified and characterized a large set of previously unknown beneficial mutations, which have been used to construct new highly thermostable and processive M-MuLV RT mutants (Baranauskas et al., 2012; Skirgaila et al., 2013) .
In this study, we report a new selection of mutants of M-MuLV RT that are able to perform fast synthesis of cDNA in Taq DNA polymerase buffer. Such RT would be an ideal enzyme in One-Step RT-PCR or RT-qPCR applications, since the fast and efficient synthesis of the cDNA is a crucial step in these techniques, so popular and important in molecular diagnostic approaches.
A recent evolutionary selection of the Archeal family-B DNA polymerase able to perform high-fidelity synthesis of cDNA (Ellefson et al., 2016) resulted in a high-fidelity RTX enzyme featuring an RNAdependent and a DNA-dependent DNA synthesis activities. Potentially, this is a great enzyme for One-Step RT-PCR. However, the approach to use a single enzyme in RT-PCR workflow has a number of drawbacks. (a) It is not possible (or very difficult) to setup an absolutely required -RT reaction control. (b) The ratio between the RT and the DNA polymerase activities is fixed and cannot be optimized, contrary to the two enzyme systems. (c) It would be very difficult (if at all possible) to have a separate hot-start modifications for RT and DNA polymerase activities.
In this study, we have chosen to perform the selection of RT by CRD using a buffer, which is optimal for the Taq DNA polymerase buffer, and differs from the optimal buffer for M-MuLV RT, especially in the concentrations of Mg 2+ and dNTP. As a result, we have identified a number of mutations, enabling the RT to perform fast and efficient cDNA synthesis in this atypical buffer. Here, we also report the kinetic properties, RNase H activity and fidelity analysis of the main individual mutations, which M-MuLV RT acquired during the seven rounds of selection. Further, we show the improved synthesis of the full-length cDNA when performed by the active site mutants possessing the lowest K m for dNTPs.
Materials and Methods
All reagents and enzymes were supplied by Thermo Fisher Scientific, unless stated otherwise. The oligonucleotides were from Metabion. The sequences of oligonucleotides, DNA, RNA and cDNA are provided in Supplementary data. The sequences of 1.3-kb GAPDH RNA, 7.5-kb RNA and wild-type M-MuLV RT were the same as described earlier (Baranauskas et al., 2012) .
Generation of M-MuLV RT mutants using compartmentalized ribosome display
Initial plasmid construction, preparation of mRNA for in vitro translation, preparation of mutant M-MuLV RT library, generation and purification of TCs, preparation of emulsions with TCs were performed exactly as described earlier (Skirgaila et al., 2013) . Reverse transcription reaction was performed as described earlier (Skirgaila et al., 2013) , except that incubation temperature was 42°C during all selection steps and 1× Taq buffer [10 mM Tris-HCl, pH 8.8, 50 mM KCl, 1.5 mM MgCl 2 , 0.2 mM of each dNTP, 0.08% Nonidet P40] was used as a cDNA synthesis buffer. The incubation time was decreased stepwise with every selection round: 60 min (for the first round), 40 min (second round), 25 min (third round), 15 min (fourth round), 10 min (fifth and sixth rounds) and 5 min (seventh round). Reactions were stopped by placing reaction tubes in cold rack (+4°C) following by the addition of 0.5 M EDTA to 50 mM final concentration. Emulsion disruption, isolation and amplification of cDNA, recovery of the PCR fragment for next round of selection were performed following the earlier described protocol (Skirgaila et al., 2013) .
Mutagenesis, cloning, expression, purification and activity assessment of mutant M-MuLV reverse transcriptases
Single and double mutations were introduced into M-MuLV RT gene using megaprimer method, originally described by Sarkar and Sommer (1990) . A first PCR was performed to generate a fragment of a gene, containing the specific mutation. Afterwards, the generated fragment serves as a megaprimer for the second PCR, thus enabling to obtain a gene with a desirable mutation. Usually, 25-30 cycles of PCR were performed in 100 μl volume using 2U of Phusion Hot-Start II High-Fidelity DNA polymerase in Phusion HF buffer, containing 0.25 mM of dNTPs, 0.4 μM of forward and reverse primer each (during first PCR), or 0.02 μM of megaprimer and 0.4 μM of reverse primer (during second PCR).
The genes of all M-MuLV RT variants were cloned into the pET21b plasmid, containing N-terminal His-tag for affinity purification (Novagen). The RTs were expressed in E. coli ER2566 cells and purified using affinity chromatography (Ni-NTA Superflow resin; Qiagen) and ion exchange (P11 resin; Whatman) chromatography exactly as described earlier (Baranauskas et al., 2012) . Protein concentrations were determined using Bradford reagent and BSA standard. The homogeneity of the purified proteins was >90%, as judged by SDS-PAGE. The RT activity of the purified enzymes was determined using poly(rA)/oligo(dT)12-18 substrate, as described earlier (Baranauskas et al., 2012) . The specific activity of RTs was obtained by dividing RT activity by the total protein concentration.
Kinetic analysis of the polymerase reaction
The substrate for kinetic analysis was prepared by annealing of 5′-FAM labeled oligonucleotide FAMGAPDH (1 μM) to 1.3 kb GAPDH RNA (1.5 μM) in the annealing buffer [50 mM Tris-HCl (pH 8.8), 40 mM KCl and 0.2 mM EDTA]. The RTs were diluted in 1× Taq buffer without MgCl 2 [10 mM Tris-HCl, pH 8.8, 50 mM KCl, 0.08% Nonidet P40]. Prior to the reactions, the enzymes (1 μM) were preincubated with the RNA/DNA substrate (40 nM) along with the variable concentrations of dNTPs (20 μM, 8 μM, 3.2 μM and 1.28 μM of each dNTP) in 1× Taq buffer without MgCl 2 for 5 min at 37°C. The reactions were started by adding MgCl 2 to 1.5 mM concentration and terminated by adding EDTA solution to 20 mM concentration after 1-12 min of incubation. For cDNA analysis, 0.5 μl of reaction products was mixed with 0.5 μl of GeneScan LIZ1200 size standard (Applied Biosystems) and 9.5 μl of formamide. The DNA fragments were fractionated using a sequence analyzer ABI Prism 3100 Genetic Analyzer (POP7, 50 cm, Applied Biosystems) and analyzed with ABI PRISM GeneMapper Software version 3.0. The peaks with a signal level above the background were integrated to obtain the intensity at each position, and the product length for each position was determined by applying the amplified fragment length polymorphism analysis pattern. The average length of reaction product was calculated using the equation P = ΣoL n · I n )/Σ(I n ) where L n is the length and I n is the intensity of each analyzed cDNA fragment. The amount and the concentration of incorporated dNTPs were calculated from the average reaction product. The K m and V max values were estimated by fitting the kinetic data to Eadie-Hofstee plots, k cat was calculated by dividing
RNA/DNA substrate binding studies
The K d values for RNA/DNA substrate binding were determined as described earlier (Baranauskas et al., 2012) with some modifications. The RNA oligonucleotide labeling reaction was carried out in 20 μl volume by incubating oligonucleotide (1 μM) with [γ-
32 P]-ATP (1.17 μM) (6000 Ci/mmol; Perkin Elmer) and 15 U of T4 PNK along with 20 U of RNase inhibitor in 1× yellow buffer (Thermo Scientific, BY5; 33 mM Tris-acetate (pH 7.9 at 37°C), 10 mM magnesium acetate, 66 mM potassium acetate, 0.1 mg/ml BSA) for 30 min at 37°C. Proteins were removed using phenol-chloroform extraction step. The labeled RNA was annealed to a 1.2-fold excess of the cDNA oligonucleotide in 50 mM Tris-HCl, pH 8.8, 10 mM EDTA and 20 mM KCl. The RTs were diluted in 1× Taq buffer without MgCl 2 , mixed with RNA/DNA substrate (10 pM) in 20 μl of 1× Taq buffer without MgCl 2 and incubated at room temperature for 30 min. Free and protein-bound substrate fractions were analyzed and equilibrium dissociation constants calculated exactly as described earlier (Baranauskas et al., 2012) .
Processivity measurements
The DNA/RNA substrate for processivity measurements was prepared by annealing the DNA oligonucleotide to synthetic RNA as described in Baranauskas et al. (2012) with minor modifications in annealing buffer [50 mM Tris-HCl (pH 8.8), 40 mM KCl and 1 mM EDTA]. The RTs were diluted to 125 nM concentration using 1× Taq buffer (without MgCl 2 ) and preincubated with a substrate (25 nM) in 10 μl of 1× Taq buffer (without MgCl 2 ), supplemented with 0.5 mM of each dNTP for 30 min at room temperature. The reactions were started by adding 15 μl of 1× Taq buffer with 2.5 mM MgCl 2 (final concentration after mixing 1.5 mM), supplemented with a trap [8 mg/ml poly(A) RNA (GE Healthcare) and 0.32 mg/ml oligo(dT)]. Reactions were incubated at 42°C for 30, 40, 50 and 60 min and stopped by adding EDTA solution to 20 mM. The reaction products were fractionated using a sequence analyzer and an average length of the product was obtained as described earlier (kinetic analysis of the polymerase reaction).
Synthesis of the 7.5-kb cDNA Synthetic RNA transcript (2 μg) of 7.5 kb in length was mixed with 1 μl of 10 μM Eco31I rev oligonucleotide and 0.4 μl of 10 mM dNTPs in 15.3 μl of 1× Taq buffer (without MgCl 2 ). The mixture was heated at 65°C for 5 min, placed in a cold rack (+4°C) for 10 min and supplemented with 3.7 μl of 1× Taq buffer with RNase inhibitor (Thermo Scientific, EO0384) and MgCl 2 to achieve the 1.5 mM final concentration of Mg 2+ and 1 U/μl of RNase inhibitor.
RTs were diluted in 1× Taq buffer (without MgCl 2 ) to 100 U/μl and 1 μl of each enzyme was added to the final reaction volume of 20 μl. Synthesis of cDNA was performed at 42°C in water bath and stopped after 10, 20, 30, 40 and 60 min by adding 4 μl of 6× alkaline electrophoresis buffer (180 mM NaOH, 6 mM EDTA, 18% Ficoll 400 and 0.05% bromcresol green). The reaction products were analyzed as described earlier (Baranauskas et al., 2012) .
Measurement of RNase H activity
To measure the RNase H activity of M-MuLV RT, the enzymes were diluted with 1× Taq buffer (without MgCl 2 ) to a concentration of 0.2 mg/ml. About 5 μl of reaction substrate (240 mM [ 3 H] -poli(A): poli(dT) (1:2)) was mixed with 1 mg of the enzyme and incubated for 20 min at 37°C in 50 μl of 1× Taq buffer, supplemented with 1.5 mM MgCl 2 . The reactions were stopped by placing the tubes on ice and adding 50 μl of BSA (10 mg/ml) and 100 μl of 10% trichloroacetic acid (Sigma) to precipitate all proteins and nucleic acids. Reaction mixtures were incubated on ice for additional 10 min and centrifuged for 10 min at 12 000× g. About 100 μl of the supernatant containing the acidsoluble fraction were taken for radioactivity measurements. The RNase H activity of RTs was calculated, considering that 1 U of the enzyme hydrolyzes 1 nmol of RNA in 3 H-labeled poly(A):poly(dT) substrate to acid-soluble material in 20 min at 37°C.
Data analysis
Nonlinear regression for dissociation constant and kinetic analysis was performed using GraphPad Prism 6 software (GraphPad Software Inc.). The results from repeated experiments are presented as the average value ±1SD, unless otherwise noted.
Fidelity analysis
RNA synthesis and purification pASK_NL plasmid was constructed by insertion of NL250 sequence into pASK type vector with the tetracycline promoter. After transformation of E.coli JM109 with pASK_NL plasmid, freshly inoculated cells were grown at 37°C in LB medium with ampicillin (100 μg/ ml), until the OD 600 reached 0.5. RNA synthesis was initiated by the induction with anhydrotetracycline (0.2 μg/ml; Sigma). Cells were cultured for additional 2 h and harvested by centrifugation at 2000× g for 10 min at 4°C. RNA was immediately purified using Thermo Scientific GeneJET™ RNA Purification Kit. The quantity and quality of the total purified RNA was measured using Thermo Scientific NanoDrop™ 2000 spectrophotometer. NL RNA was quantified using a RT-qPCR assay. First strand cDNA synthesis was performed using Maxima™ H Minus First Strand cDNA Synthesis Kit with NL_RT oligo (0.5 μM final concentration; T m = 64°C) at 60°C for 20 min. For qPCR 2× Maxima SYBR Green qPCR Master Mix was used as described below in Section cDNA quantification.
cDNA synthesis For the first strand cDNA, the primer was first annealed to RNA: the reaction mixture was prepared by adding 0.1 μg of target RNA to 0.2 μl of 100 μM NL_RT oligo, 0.4 μl of 10 mM dNTPs and nuclease-free water to the final volume of 14.8 μl; heated at 65°C for 5 min and then placed in a cold rack (+4°C). Reaction mixture was supplemented with 2 μl of 10× Taq buffer [final composition 10 mM Tris-HCl (pH 8.8), 50 mM KCl, 0.8% (v/v) Nonidet P40] and 1.2 μl of 25 mM MgCl 2 to 1.5 mM concentration. RT mutants were diluted in 1× Taq buffer without MgCl 2 to 50 U/μl concentrations. About 2 μL (100 U) of each enzyme were added to 20 μl of the final reaction mixture, followed by incubation at 37°C for 20 min. Reactions were stopped and RTs inactivated by heating at 85°C for 5 min.
cDNA quantification Reaction mix was prepared at room temperature by adding 12.5 μl of 2× Maxima SYBR Green qPCR Master Mix, 1.5 μl of 10μM NLq_fwd and NLq_rev primers and nuclease-free water to the final volume of 22.5 μl. The products of cDNA synthesis were diluted 100 times with nuclease-free water and 2.5 μl of the solution were added to qPCR reaction mix. The following cycling conditions were used in Corbett Rotor-Gene 6000 machine: initial denaturation at 95°C for 10 min and 40 cycles of 95°C for 15 s, 60°C for 30 s and 72°C for 30 s. Absolute quantification was performed using a standard curve method with diluted DNA standards of known concentration.
Barcode assignment and sequencing Each cDNA molecule was labeled with a 14-base unique molecular identifying (UMI) barcode using two cycles of amplicon-specific PCR, as shown in Supplementary Fig. S3B . After synthesis and quantification, cDNA reaction products were diluted in nucleasefree water to concentration of 1.2 × 10 4 molecules/μl. For the first round of barcode addition, cDNA was combined with 1× Phusion HF buffer, 4 U Phusion Hot-Start II High-Fidelity DNA polymerase, 0.25 mM dNTP, 0.05 μM of each forward and reverse primer (BAR1-8 forward and BAR_rev, respectively, Supplementary  Fig. S4 ) in a final volume of 200 μl and cycled in thermocycler under following conditions: initial denaturation at 98°C for 30 s, two cycles of 98°C for 10 s, 62°C for 20 s and final elongation at 72°C for 10 s. After the first round, each PCR tube was supplemented with 10 μl (200 U) of Exonuclease-I and incubated for 30 min at 37°C to remove the UMI containing primers. Exonuclease-I was heat-denatured at 98°C for 5 min. The following cycling conditions: initial denaturation at 98°C for 30 s, 19 cycles of 98°C for 10 s, 62°C for 20 s and final elongation at 72°C for 10 s have been applied for subsequent amplification of barcoded cDNA with A and P primers that were added to 0.5 μM concentration immediately after the Exonuclease-I inactivation ( Supplementary Fig. S3B ). The barcoding reaction products were purified using MagJET™ NGS Cleanup and Size Selection Kit and eluted in 20 μl of elution buffer. The concentration and quality analysis of purified DNA was performed using Agilent 2100 Bioanalyzer and High Sensitivity DNA Kit (Agilent technologies). After analysis, PCR products were diluted in nuclease-free water to obtain 100 pM concentration and mixed in 77 equal volumes before sequencing. Sequencing was performed using Ion PGM™ Sequencing 200 Kit V2, Ion 316™ Chip V2 and Ion PGM system, as specified by the manufacturer. High quality reads were used for sequence analysis.
Sequence analysis
Obtained sequences were aligned to the template using default settings of Ion Torrent PGM system server. Analysis of the aligned reads has been done using custom python scripts employing HTSeq library (Anders et al., 2015) . Only the reads that passed platform QC requirements and had expected length of 14 nt bases before template matching region were used for analysis. A mutation in a read was considered to be analyzed only if the base calling quality at a position site was ≥20. At least, three reads having identical 14 nt length random sequence barcodes were required to be grouped into a valid read family. A mutation was considered to be of the enzyme origin and included into fidelity analysis only if it was present in all members of the family. The shortest length of the family members was used for analysis. The corresponding error rate was calculated summing up the counts of mutations and the lengths of all read families.
Results

Selection and preliminary analysis of M-MuLV RT mutants
An in vitro evolution assay, termed as CRD (Skirgaila et al., 2013) , was employed for the selection of fast M-MuLV RT variants, performing cDNA synthesis in Taq DNA polymerase buffer. The initial mutant library possessing on an average of 2.4 nucleotide mutations and 1.5 amino acid substitutions per gene was the same as the one used before (Skirgaila et al., 2013) . Since the M-MuLV RT wild-type enzyme showed a substantial activity in Taq buffer (data not shown), a stepwise adaptation to the reaction buffer during the selection was not necessary. For the first round of selection, the reverse transcription reaction was performed for 1 h at 42°C. The incubation time was decreased stepwise down to 5 min (see Materials and Methods for details). After the seven rounds of selection, 29 randomly picked genes of selected M-MuLV RT were sequenced and analyzed.
All the encoded mutant proteins were unique, having 2-10 amino acid substitutions, with an average of 5.2 amino acid changes per gene indicating an accumulation of mutations during the selection process as compared to the initial mutant library of RT. The list of mutations found in all sequenced RT variants as well as CLUSTALW alignment is provided in Supplementary data (Supplementary Figs S5 and S6) . Detailed distribution of amino acid mutations is shown in Supplementary Fig. S1 .
Among all the genes analyzed, 2/3 of them appeared to have mutations in the active site of the enzyme: either in V223 position of the active site motif YVDD (Georgiadis et al., 1995; Kaushik et al., 2000) or in Q221 position nearby the aforementioned motif (Table I and Fig. 5A) . A big number of mutations was found in the C-terminal part of the enzyme, mostly in the RNase H domain (C635Y/R, D583G/A/ N, I597V/M, K628T, G637R/E, S643G/N, S675P, D524G/N, L603S and H638R), suggesting that specific alteration of the present domain was favorable for the in vitro selection. In addition, some previously unidentified mutations have been found in the N-terminus of the polymerase (E12G/D, L10P, K15R and M39V).
For the detailed analysis, individual mutants of RT containing single amino acid change identified three or more times in the selection were constructed. In addition, two double mutants, combining the most frequent mutations Q221R and V223A or V223M were constructed to elucidate, whether the biochemical properties of these mutations are synergistic and additive. Subsequently, all the recombinant proteins were expressed and purified using affinity and ion exchange chromatography. The homogeneity of the target proteins was >90% as judged by SDS-PAGE (data not shown). RT activity was assessed and protein-specific activity was calculated to see if there were any significant changes in the activity of the mutant proteins. The vast majority of the mutant RTs appeared to be having specific activity, similar to the wild-type enzyme activity ( Supplementary Fig. S2 ). Noteworthy, the most frequent active site point mutants Q221R and V223A together with the L139P exhibited 2-3-folds increased specific activity. Interestingly, specific activity of double mutants Q221R/V223A and Q221R/V223M is the same as for single point mutants V223A and V223M, neglecting the positive effect of Q221R polymerase. Table I . The most frequently mutated positions of the M-MuLV RT gene found after selection
Position
Number of clones Mutation Number of clones V223 (Halvas et al., 2000a,b; Kaushik et al., 2000) 1 0 M 6 A 4 Q221 (Baranauskas et al., 2012) 8 R 8 C635 (Radzvilavicius and Lagunavicius, 2012) 7 (Baranauskas et al., 2012) 3 P 3 V418 3 I 3 D583 Potter et al., 2002) 3 (Skirgaila et al., 2013) , E201, K274, Q277, E282, T306 , E319, P431, V433 (Konishi et al., 2014) , N454 (Arezi and Hogrefe, 2009 ) L491, D524 Potter et al., 2002) , T567, L603 (Baranauskas et al., 2012) and H638 Chen et al., 2004) 2 RNase H activity of the mutant enzymes
Structural organization of M-MuLV RT comprises N-terminal polymerase and C-terminal RNase H domains (Georgiadis et al., 1995; Das and Georgiadis, 2004; Lim et al., 2006) . It is well known that elimination or significant decrement of the RNase H activity could have a positive impact to enzyme stability and cDNA synthesis efficiency (Gerard et al., 1997 ). Thus, the RNase H activity of all the constructed mutants was measured (Fig. 1) . Aspartate D583 is a part of the highly conserved motif, forming the catalytic triad of acidic residues that coordinate one or two Mg 2+ or Mn 2+ ions in the RNase H active center (Lim et al., 2006) . As expected and referenced before mutation D583N disrupts RNase H active center and has no detectable RNase H activity. In addition to D583N mutation, we have found that mutations S643G, G637R and C635Y reduce RNase H activity significantly. Mutant S643G retains 58% of RNase H activity, while the remaining activity of C635Y and G637R mutants is 19% and 7%, respectively. Other mutations identified in the RNase H domain (I597, K628T and S675P), as well as mutations in the N-terminal part of the protein have not shown any significant impact to the RNase H activity.
Steady-state kinetic analysis of the mutant enzymes
Preliminary biochemical characterization of wild-type and mutant RTs has indicated that mutant polymerases, containing amino acid substitutions V223A and V223M in the conserved motif of the active center or neighboring replacement Q221R, exhibit significantly lower K m values for dNTPs. Aforementioned single amino acid mutants along with the double mutants Q221R/V223A and Q221R/V223M have been subjected to detailed biochemical characterization in order to estimate the K m , k cat and V max values of those enzymes.
For steady-state kinetic analysis, RT substrate composed of the synthetic RNA transcript encoding GAPDH gene and the cDNA oligonucleotide has been used. The synthesis of cDNA was performed using different concentrations of dNTPs. A 4-5-fold decrease in the K m to dNTPs was observed for the all three single and two double mutants (Table II and Fig. 2) . Furthermore, the double mutant Q221R/V223A had~2.5-fold lower values of k cat and V max , meanwhile all other analyzed mutant enzymes performed similar to the wild-type enzyme (Table II) .
Substrate binding affinity and processivity of the active site mutants
The equilibrium dissociation constants K d for the active site mutants along with the wild-type enzyme were determined using the RNA-DNA substrate and applying electrophoretic mobility shift assay. In our previous study (Baranauskas et al., 2012) , we have identified K d for the RNA-DNA substrate of wild-type enzyme and Q221R mutant as being 1.5 nM and 0.8 nM, respectively. In our current research, we have performed in vitro evolution of M-MuLV RT in Taq DNA polymerase buffer. Consequently, RT's binding to substrate has been analyzed in 1× Taq buffer. As a result, the measured K d values of the corresponding enzymes were by two folds lower in comparison to the above-mentioned study (0.77 nM for the wildtype enzyme and 0.4 nM for Q221R, Table II ). Furthermore, both double mutants (Q221R/V223A and Q221R/V223M) containing above-mentioned amino acid replacements have K d values similar to that of the Q221R mutant (Table II) . Single amino acid replacements V223A and V223M do not affect the enzyme affinity to the substrate and have dissociation constants similar to the wild-type enzyme (Table II) . As a next step of biochemical characterization of mutant polymerases, we have tested the processivity of the wild-type enzyme and aforementioned single and double mutants using a labeled DNA/RNA substrate. To ensure that reaction products were generated in a single enzyme-substrate binding event, the reaction mixture was supplemented with a large excess of unlabeled polyA/ oligodT trap (see Materials and Methods). The determined processivity value for the wild-type enzyme (22 nucleotides, Table II ) was similar to that from the previous study (~24 nucleotides; Baranauskas et al., 2012) , despite the differences in reaction buffer used for cDNA synthesis. Surprisingly, the Q221R mutant in 1× Taq buffer displayed decreased processivity (~10 nucleotides) in comparison to our latest study (~50 nucleotides, Baranauskas et al., 2012) . The longest cDNA fragments synthesized in a single polymerase binding event were obtained for the V223A mutant (~39 nucleotides), whereas the processivity of the V223M mutant was similar to that of the wild-type (~20 nucleotides). Interestingly, the double mutants combining Q221R and V223A or V223M mutations had decreased processivity (~15 nucleotides) compared to the wild-type or the corresponding single amino acid mutants, V223A and V223M (Table II) . It is very likely that the low processivity of Q221R mutation has dominating effect and decreases the processivity of double mutants as well.
Synthesis of the full-length 7.5-kb cDNA M-MuLV RT mutants generated by in vitro evolution experiment have been identified using short cDNA synthesis time as a selection pressure. During the last screening round~3 kb mRNA encoding M-MuLV polymerase was reverse transcribed for 5 min at 42°C. To evaluate the cDNA synthesis efficiency of the wild-type and mutant M-MuLV variants we have performed reverse transcription of the synthetic 7.5 kb RNA for 10-60 min (Materials and Methods). Synthesized cDNA was analyzed by the alkaline agarose electrophoresis. A very faint zone indicating the full-length product was detected after 30 min of synthesis using the wild-type enzyme (Fig. 3) . A 60 min incubation was required to obtain clearly visible cDNA band of 7.5 kb. Mutants V223A and Q221R performed similar to the wild-type, meanwhile the V223M variant generated a substantial accumulation of the specific reaction product already after 20 min with the yield increasing significantly during the 60 min incubation, as judged from the cDNA band intensity (Fig. 3) . Interestingly, the double mutants generated by combination of the Q221R mutation and both substitutions in the V223 position performed similar to the wild-type RT (data not shown).
Fidelity of cDNA synthesis
For in vitro applications, it is critical to have an accurate cDNA synthesizing enzyme. The fidelity of mutant RTs has been evaluated using UMI barcodes and a massive parallel sequencing of specific target, as originally described by Kinde et al. (2011) and successfully used by Ellefson et al. (2016) and Yasukawa et al. (2017) . We have used a slightly modified approach to enable the detection of rare mutations generated during reverse transcription and discriminate the mutations occurring in other steps, such as barcode assignment, library amplification and errors in base calling (Supplementary Fig. S3A ).
To reduce the background of errors in RNA target, we have decided to use in vivo transcribed RNA purified from E.coli (see Materials and Methods). The accuracy of RNA synthesis in E.coli is thought to be relatively high (<1 mutation/10 5 bases, Blank et al., 1986; Imashimizu et al., 2013) compared to RNA synthesis in vitro using T7 RNA polymerase (1 mutation/2 × 10 4 bases, Huang et al., 2000) . Thus, the RNA synthesized in E.coli should contain significantly less background mutations compared to the cDNA synthesis errors usually introduced by the M-MuLV RT (1 mutation per 2-4 × 10 4 bases, Achuthan et al., 2014) and is suitable for fidelity analysis of mutant enzymes. The first strand cDNA molecules synthesized by RT were barcoded by PCR. Two PCR cycles were performed using the primers comprised of 3′ part complementary to the target cDNA and 5′ part required for library amplification ( Supplementary Fig. S3B ). In addition, the forward primers contained an UMI insert of 14 random nucleotides in the middle of the sequence. After the two adapteraddition PCR cycles, two double stranded DNA fragments were generated from each single cDNA molecule, though only one fragment containing NGS library-specific barcodes was compatible with a subsequent library amplification step ( Supplementary Fig. S3B ).
The workflow of the fidelity analysis was designed in such a way that~1.2 × 10 4 of specific 0.21-kb long cDNA molecules with specific mutations were barcoded during the first two PCR cycles, resulting in a pool of >2.5 × 10 6 unique bases to be sequenced and analyzed in order to determine a number of errors generated by each RT mutant (see Materials and Methods). Considering the referenced fidelity of the wild-type M-MuLV RT (1 error per 2 × 10 4 bases), the expected number of cDNA errors in the sequencing data was~100, and could be used in to compare and identify mutant polymerases with increased or decreased fidelity of cDNA synthesis. Following the NGS library preparation workflow, the residual primers with barcodes used in initial PCR were digested with Exonuclease-I. After the primer-removal step, the exonuclease was heat-inactivated and new A and P primers were added for subsequent NGS library amplification. Amplified DNA library was purified and quantified using Agilent Bioanalyzer. Prepared DNA libraries have been pooled together in equal molar ratios and sequenced on Ion Torrent PGM system. For the data analysis, sequenced DNA fragments were grouped into families based on unique barcode sequences.
The read families containing a specific barcode are considered to originate from the same cDNA molecule (Supplementary Fig. S3C ). For the cDNA synthesis fidelity measurements, >2 × 10 5 of consensus bases were collected from all identified families that resulted in at least 800× coverage of the targeted template. The fidelity of cDNA synthesis was measured for the wild-type and five mutants of M-MuLV RT with the amino acid changes in the active center of the polymerase (Fig. 4) . The experimental data indicates mutants V223A and V223M having the same accuracy of cDNA synthesis as the wild-type RT (~1 error per 40 000 nucleotides). M-MuLV RT mutant Q221R had~5-fold lower fidelity (1 error per 8600 nucleotides) compared to the wild-type enzyme. Interestingly, the fidelity of the double mutants Q221R/V223A and Q221R/V223M was also compromised (2-3-fold decrease), though not as much as in the case of the individual Q221R mutant (Fig. 4) .
Discussion
CRD technique was previously developed by our group (Skirgaila et al., 2013) and has been successfully used for the selection of M-MuLV RT mutants with the increased thermostability (Baranauskas et al., 2012) .
In this study, we have successfully employed CRD method to change the kinetic parameters of the target enzyme. Specifically, we have selected M-MuLV RT mutants, that are able to synthesize cDNA faster and more efficiently compared to the wild-type enzyme. An efficient synthesis of cDNA is a primary requirement for the One-Step RT-PCR application. Thus, CRD screening was focused on the RT mutants that are able to synthesize cDNA in Taq polymerase buffer for PCR. Typically, an optimal reaction buffer for M-MuLV type RT contains a relatively high concentration of each dNTP, 0.5-1.0 mM. This concentration is up to five times higher than that used with the Taq DNA polymerase (0.2 mM of each dNTP in the standard polymerase buffer). The concentration of dNTPs in One-Step RT-PCR reaction mixture could be adjusted to the level optimal for RT. However, higher dNTP concentrations increase the error rate of DNA polymerases (Cline et al., 1996) , particularly for those lacking the proofreading activity (Eckert and Kunkel, 1991) . Moreover, due to higher dNTP concentrations, the concentration of Mg 2+ has to be increased, posing an additional negative impact on the PCR fidelity. Looking forward to find an M-MuLV RT ideal for One-Step RT-PCR, we have decided to perform an in vitro evolution experiment using 0.2 mM concentration of dNTPs and a conventional Taq buffer. Seven rounds of selection were performed, starting with 1 h incubation time, as this is recommended for the most targets and applications, and ending up with 5 min incubation. Finally, 29 randomly Fig. 4 Fidelity rate values (correct bases/1 error) with the error rate confidence intervals are given for the wild-type and mutant enzymes. Confidence intervals are based on the Agresti-Coull confidence intervals for Binomial proportion (Agresti and Coull, 1998) .
picked genes of selected RTs have been sequenced to identify which mutations have been enriched as a consequence of CRD selection. The amino acid changes found three or more times have been selected for further site-directed mutagenesis and biochemical characterization. After the sequencing data analysis, we have found 90% (26/29) of the mutant variants to have mutations in the RNase H domain (Table I and Supplementary Fig. S5 ). Some of the substitutions at D524, D583 positions are known to switch off the RNase H activity of M-MuLV RT. In addition to those referenced mutations, we have identified several novel replacements (C635Y, G637R and S643G) reducing the RNase H activity (Fig. 1) . A mutation in C635 position (C635V) decreasing RNase H activity was already described earlier (Radzvilavicius and Lagunavicius, 2012) . According to the authors, the C635V mutant retains 84% of the RNase H activity. In our study, we have analyzed a different mutation at the same position, C635Y, which reduces RNase H activity down to 19% (Fig. 1) . Amino acid residues C635 and G637 are located in the His-loop of the RNase H domain (Fig. 5B) . His-loop encompasses the sequence CPGHQK and residues from P636 to K640 of this functionally important loop are conserved in all RNases H (Cote and Roth, 2008) . Since this loop is located in one of the three unresolved regions of the M-MuLV structure (Lim et al., 2006) , we have used a full-length homology model of the M-MuLV RT (Baranauskas et al., 2012) to propose the structural properties of this region. This model is in a good agreement with the presumption that C635 is located in the proximity to the putative position of highly conserved active site residue H638 (Fig. 5B) , thus affecting the interaction of the RNase H domain and DNA/RNA substrate (Radzvilavicius and Lagunavicius, 2012) . This explains the reduced RNase H activity of the C635Y mutant. Moreover, significantly decreased RNase H activity of G637R also suggests that this residue, located in His-loop, might be involved in contacts similar to the aforementioned.
One of the intriguing mutations we have identified in our selection was the conversion of isoleucine to valine at position 597 (Table II) . Isoleucine 597 is located within the positively charged C-helix, which is also found in E.coli RNase H but absent in HIV-1 RNase H (Lim et al., 2006) . Structural similarity to the E.coli enzyme suggests that the C-helix of M-MuLV RT RNase H is also involved in the contacts with the RNA/DNA substrate (Lim et al., 2006) . An M-MuLV RT variant lacking C-helix shows only a residual RNase H activity, moreover, the polymerase activity is also impaired (Boyer et al., 2001) . The effect of the point mutations in the M-MuLV RT RNase H C-helix on the in vitro activity and in vivo viral replication efficiency was assessed by Lim et al. (2002) . According to their study, mutant I597A retains almost the same RNase H activity as the wild-type enzyme and supports our observation, that the mutation of the isoleucine at position 597 to another hydrophobic residue valine has no significant effect on the RNase H activity (Fig. 1) . In vivo studies has shown that I597A mutation impaired the viral replication, as spreading of virus has raised after a very long delay of 14 days. This fact suggests that the selective pressure for the reversion of this mutation was likely to be very high. Indeed, DNA sequence analysis revealed that alanine residue in the 597 position was spontaneously mutated to valine to obtain a spreading-compatible genotype (Lim et al., 2002) . Thus, the appearance of valine at position 597 in our in vitro evolution experiment surprisingly reflects the natural evolution of viruses in vivo. Moving the M-MuLV RT phenotype to the most favorable state required for cDNA synthesis.
In addition to mutations modifying RNase H activity, the biggest number of M-MuLV RT modifications was found to be concentrated in the active site of the polymerase (Table I) . Such constellation of mutations in a certain locus of the M-MuLV RT gene was a clear signal indicating a successful adaptation of the enzyme to the selection pressure conditions. The most frequently mutated position appeared to be valine 223 in the YVDD motif (Fig. 5A ), which is highly conserved among the RTs. The only variable amino acid in this YXDD motif is valine, which in our selection was replaced by methionine (6 out of 10 replacements) and alanine (4 out of 10, Table I ). The methionine is a prevalent amino acid in the YXDD motif found in the RTs of human immunodeficiency virus (HIV), feline immunodeficiency virus (FIV), simian immunodeficiency virus (SIV; Sharma et al., 2005) and avian myeloblastosis virus (AMV; Baluda and Reddy, 1994) , whereas the MMuLV and feline leukemia virus (FLV) RTs have the sequence YVDD (Sharma et al., 2005) .
Several studies were dedicated to elucidate the role of valine in the YVDD motif of M-MuLV RT (Halvas et al., 2000a,b; Kaushik et al., 2000; Svarovskaia et al., 2000) . Substitutions of valine to methionine, alanine, isoleucine and serine were analyzed in terms of polymerase activity, K d , kinetic parameters (K m , k cat and V max ), processivity and fidelity. Our research has targeted a similar set of kinetic parameters of the M-MuLV RT mutants at conditions identical to in vitro selection conditions (1× Taq buffer). Detailed analysis of kinetic parameters is a way to understand how the enzyme has survived the evolutionary pressure during the CRD-driven selection process.
Typically, the increased affinity to substrate results in increase of polymerase processivity (Baranauskas et al., 2012) . However, the affinity to substrate and processivity of the active center mutants Q221R, V223A and V223M (Table II and Fig. 5A ) as well as the double mutants was very similar to the characteristics of the wild-type enzyme and falls within the range of 2-fold difference (Table II) . As a consequence, minor changes in RT affinity to substrate and processivity have no clear relationship.
Surprisingly, we have found that the interaction between M-MuLV RT enzyme and the RNA/DNA substrate in 1x Taq buffer is quite strong (K d = 0.8 nM). The M-MuLV RT dissociation constant values reported by the other researchers groups vary in a quite broad range from 1 to 152 nM, depending on the substrate used for the binding experiments and the assay conditions (Schultz et al., 1999; Kaushik et al., 2000; Gerard et al., 2002; Ndongwe et al., 2012) . Moreover, our experimental data suggests a significantly higher affinity of the active site mutants V223A and V223M to the RNA/DNA hybrid than the values determined using a DNA/DNA duplex, as reported by Kaushik and colleagues (151.7 nM for the wild-type, 142.8 nM for the V223M and 159.2 nM for the V223A; Kaushik et al., 2000) . There is no surprise that the primary substrate (RNA/DNA) is bound much stronger than the DNA/DNA duplex. A subsequent processivity measurements revealed that, compared to the wild-type, fewer nucleotides are polymerized during a single substrate binding event by the Q221R mutant (10 nt) and the double mutants containing the aforementioned substitution (15 nt). However, neither the change in affinity to the substrate nor the change in processivity could explain how the enzyme has escaped the evolutionary pressure during the selection experiment.
Another very important parameter of polymerases is the fidelity of DNA synthesis. The fidelity or error rate of the wild-type RT was studied by many groups, mainly using M13 lacZα mutation (Roberts et al., 1989; Achuthan et al., 2014) and misincorporation assays (Roberts et al., 1989; Kaushik et al., 2000; Achuthan et al., 2014) . Recently, more powerful techniques based on high-throughput sequencing were employed (Ellefson et al., 2016; Yasukawa et al., 2017) for this type of analysis. Despite the differences in experimental conditions, our results are in good agreement with the earlier studies of aforementioned researchers, indicating the error rate of the wild-type enzyme as 1 mutation per~4 × 10 4 bases synthesized (Fig. 4) .
The changes in RT error rate related to substitutions in the active site motif YXDD, which is highly conserved among the RTs, were reported in several studies (Halvas et al., 2000a,b; Kaushik et al., 2000a) . It was shown that the M-MuLV RT mutants V223A and V223M in vitro exhibit lower fidelity compared to the wild-type enzyme (Kaushik et al., 2000) . According to our in vitro experiment, a substitution of valine to alanine or methionine in the active site motif YXDD has a slightly negative, if at all, impact on the enzyme fidelity, decreasing it by~1.1-fold only (Fig. 4) . The reason of this discrepancy could be explained by the differences in reaction conditions; for example, a lower Mg 2+ concentration in 1× Taq buffer (1.5 mM compared to 3-4 mM in RT buffers) could have a positive impact on the fidelity of cDNA synthesis (Achuthan et al., 2014) . Another most frequently identified mutation Q221R results in~5-fold decrease of enzyme fidelity (Fig. 4) . Though, the most surprising finding is that double mutants Q221R/V223A and Q221R/V223M have up to two times better fidelity comparing to single point mutation Q221R (Fig. 4) . We do speculate that substitution of glutamine to arginine side chain at Q221 results in some steric hindrance at catalytic center of RT, which could be partially compensated by second replacement of neighboring branched side chain of V221 to the small side chain of alanine (V221A) or unbranched side chain of methionine (V223M) (Fig. 4) . However, the most intriguing changes were found during the analyzes of the steady-state kinetics of the mutant enzymes. Many groups have reported the steady-state parameters K m and k cat of the M-MuLV RT enzyme and some of its mutants using different substrates and reaction conditions (Kaushik et al., 2000; Boyer et al., 2001; Shi et al., 2002; Skasko et al., 2005; Yasukawa et al., 2008; Ndongwe et al., 2012) . In most cases, the homopolymeric substrates were used. Such assays give the ability to determine the incorporation kinetics of one particular dNTP. Moreover, different pH values and buffer compositions were used in those experiments. As a consequence, the K m values for the wild-type enzyme differ much more than by an order of magnitude and vary from 3.3 μM (Ndongwe et al., 2012) to 232 μM (Yasukawa et al., 2008) . In our study, we have measured the kinetic parameters of RT using a natural DNA/RNA substrate and all four dNTPs, as this better resembles the actual cDNA synthesis reaction. A multiple nucleotide incorporation reaction applying limited dNTP concentrations was already presented by Skasko et al. (2005) . This assay was used to compare the HIV-1 and M-MuLV RTs and showed a significant reduction in the cDNA synthesis efficiency by M-MuLV RT at dNTP concentrations < 0.25 mM, although the K m value was not calculated. Our analysis reveals that the steady-state K m value of the wildtype M-MuLV RT is 0.7 mM (Fig. 2) . Meanwhile, the mutant variants of RTs containing substitutions Q221R, V223A and V223M along with the double mutants exhibit a 4-5-folds decrease in K m for dNTPs (Table II) . The enzyme having to be distinguished between the correct and incorrect dNTP entering the active site of polymerase very likely prefers to work at higher concentration of dNTPs. Thus, the K m constant measured in the latest experimental setup is much higher compared to the one observed using a homopolymeric substrate and only one of the dNTPs.
The 0.2-mM dNTP concentration in conventional Taq buffer used during the in vitro evolution experiment was significantly lower than the K m value of the wild-type enzyme (0.7 mM) and presented a certain evolutionary force for mutants to be selected. Combined with a stepwise shortening of the reverse transcription time during the screening cycles this has led to the selection of mutant enzymes that are able to synthesize cDNA faster and at lower concentration of dNTPs substrate. The K m value of the selected mutant RTs was found to be < 0.2 mM (Table II) and is a very obvious adoption of enzymes to particular screening conditions. Taken together, our in vitro evolution experiment is in surprising agreement with the natural process of evolution. The lower dNTP concentrations and shortened reaction times acted as an evolutionary force; therefore, the M-MuLV RT has modified its active center in order to survive under these new circumstances. In the case of mutation V223M, the active center of oncoretroviral M-MuLV RT was rendered to resemble the active center of the lenitiviral RTs. Lenitiviruses, such as human, feline or simian immunodeficiency viruses, are able to infect nondividing terminally differentiated cells (macrophages), whereas the oncoretroviruses, such as M-MuLV, replicate in dividing cells (Skasko et al., 2005) . It is known that the dividing cells have a relatively high dNTP concentration contrary to the nondividing cells (Skasko et al., 2005) . For example, the cellular dNTP concentration in human macrophages is~20 times lower than in activated T cells (Diamond et al., 2004) . Thus, the oncoretroviral M-MuLV RT changed its phenotype to lenitiviral RT-type and became able to replicate in low dNTP concentration-as a result of selection during the in vitro evolution experiment.
In our work, we have identified the major adoption of the RT enabling the performance in PCR buffer. The amino acid changes of M-MuLV reverse transcriptase Q221R, V223A and V223M lead to significant decrease of K m for dNTPs, which resulted in efficient synthesis of cDNA at 0.2 mM dNTP concentration. We believe that this is an important piece of puzzle designing the RT ideal for One-Step RT-PCR.
Supplementary data
Supplementary data are available at Protein Engineering, Design and Selection online.
